Introduction
============

Gastric cancer is the fourth most common cancer and the second-third most common cause of cancer death worldwide [@B1],[@B2]. Asian countries are not only with a high incidence of gastric cancer, but also with a lower rate of five-year survival due to lack of early diagnosis and radical resection [@B3],[@B4]. Therefore, it is necessary to find novel and more effective chemotherapeutic agents and/or combination regimens for the treatment of gastric cancer to prolong the survival of the patients.

5-fluorouracil (5-FU) is a wildly used first-line chemotherapeutic drug for gastric cancer treatment, but many patients are insensitive in response to 5-FU-based treatment, which resulted in poor efficacy. Recently, a study reported that the combination of natural compound icariin with 5-FU could increase the efficacy and reduce toxicity of 5-FU in a murine model of colorectal cancer [@B5]. Curcumin is a kind of yellow phenolic pigment isolated from turmeric rhizome with many pharmacological effects, such as antitumor, antioxidant and anti-inflammation etc. [@B6]. In recent years, the antitumor effect and associated mechanism(s) of curcumin have been extensively studied. Researchers have found that curcumin has advantages over traditional chemotherapeutic drugs, including wide anticancer spectrum, less toxic side effect and so on [@B7],[@B8]. It has been reported that curcumin has a significant inhibitory effect on the proliferation of certain types of gastric cancer cells by targeting multiple potent molecular singling pathways including COX-2 and NF-κB [@B9]. COX-2 is a kind of inducible enzyme and it is overexpressed in gastric cancer cells but its expression is none or very low in normal gastric mucosa. Study has showed that overexpression of COX-2 occurred in approximately 50%-80% of patients with gastric cancer [@B10]. It was suggested that the overexpression of COX-2 may be related to the development and progression of gastric cancer through multiple factors such as apoptosis inhibition, immune suppression, and promotion of angiogenesis and tumor invasion [@B11]. Previous studies have demonstrated that COX-2 inhibitors could inhibit the occurrence of gastric precancerous lesions by inhibiting the cell growth and inducing apoptosis in gastric cancer cells [@B12],[@B13]. It provides a new approach for the treatment of gastric cancer and targeted therapy. Nuclear transcription factor (NF-κB) is a class of proteins that can combine with a fixed nucleotide sequence in the promoter region of certain genes to initiate transcription of the gene [@B14]. Recent studies have shown that activation of NF-κB signaling pathway plays an important role in the development of gastric cancer [@B15],[@B16]. It was generally believed that the expressions of COX-2 and NF-κB were higher in gastric cancer tissues in comparison with the normal gastric mucosa [@B17]. Therefore, the inhibitors of COX-2 and NF-κB may be effective in the treatment of gastric cancer.

Numerous studies have found that the combination of 5-FU and curcumin significantly improved anticancer effectiveness against breast and colon cancers *in vitro* and *in vivo* [@B18]-[@B21]. However, there are only limited studies on the anticancer effect and associated mechanism of 5-FU in combination with curcumin against gastric cancer. In the present study, we investigated the inhibitory effect *in vitro* against gastric cancer MKN45 and AGS cells (normal gastric mucosal GES-1 cells as control) and the antitumor activity *in vivo* against gastric cancer MKN45 tumor xenograft as well as associated mechanism of the combination of curcumin and 5-FU in order to provide the scientific rationale for clinical application in the treatment of gastric cancer.

Material and Methods
====================

Materials
---------

Curcumin (purity ≥ 98%), 5-FU, RPMI 1640 medium, fetal calf serum, 0.25% trypsin, and 100 units/ml of penicillin-streptomycin, 3-(4,5-dime-thyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT), dimethyl sulfoxide (DMSO) were purchased from Luzhou Shuangjiang Chemical Co, Ltd (Luzhou, Sichuan, China). NF-κB p65 antibody, COX-2 antibody and β-action were purchased from Luzhou ShenrongJia Experimental Co, Ltd (Luzhou, Sichuan, China).

Cell line and cell culture
--------------------------

Human gastric cancer cells MKN45 and AGS and normal gastric mucosal cells GES-1 were purchased from China Center for Type Culture Collection (CCTCC, Wuhan, Hubei, China). The cells were cultured in RPMI 1640 medium supplemented with 10% fetal calf serum and 1% penicillin-streptomycin, and incubated with saturated humidity in 5% CO~2~ at 37℃.

Cell growth inhibition assay
----------------------------

The MTT assay was used for cell growth inhibition evaluation. Cells (\~ 90% confluence) were seeded at 5 × 10^3^ cells/well into 96-well plates. After being cultured for 24 h, the cells were treated with various concentrations of 5-FU (6.25, 12.5, 25.0, 50.0, and 100.0 µmol/l) and curcumin (3.125, 6.25, 12.5, 25.0 and 50.0 µmol/l) alone or in combination (2:1 ratio, mol/mol) for 48 h and 72 h, respectively; and same volume of solvent was used as vehicle control. Then, 20 μl of MTT (5 mg/ml) were added to each well and the cells were incubated for another 4 h at 37 °C in the dark. The aliquots were removed and the remaining crystals (formazan precipitates) were solubilized with 150 μl of DMSO and the cells were incubated for an additional 10 min at 37 °C with gentle shaking before the measurement of the absorbance (OD) at 490 nm using an enzyme-linked immunosorbent assay. All the samples were performed in triplicate. The selections of the concentrations with curcumin and 5-FU in our studies were based on previous reports of similar studies from the literature [@B22],[@B23].

Median-effect concentration (IC~50~) calculation and synergistic effect assessment for the combination of 5-FU and curcumin
---------------------------------------------------------------------------------------------------------------------------

The cell growth inhibitory rate (%) was calculated as following formula:
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The calculation of IC~50~ of drugs alone and in combination was based following equation as previously described by Chou *et al.* [@B24], [@B25].
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Fa is the affected fraction (effect), D is the drug concentration, D~m~ is the medium-effect concentration, and m is the slope of the mid-efficiency curve. The combined index (CI) of combined drugs with different effects was calculated as following formula: CI = (D~2~ / D~χ2~) + (D~1~ / D~χ1~) + α(D~1~/D~2~ / D~χ1~ D~χ2~), where D~χ1~ and D~χ2~ in the formula are the inhibitory concentrations of curcumin and 5-FU alone, while D~1~ and D~2~ are the inhibitory concentrations of the combination of curcumin and 5-FU. α = 0 or = 1 depends on whether the two drugs acted as mutually non-exclusive or mutually exclusive. It indicates antagonism effect when CI \> 1; additive effect when CI = 1; and synergistic effect when CI \< 1.

Western blotting analysis of the protein expressions of COX-2 and NF-κB in MKN45 cells *in vitro*
-------------------------------------------------------------------------------------------------

Cells (\~90% confluence) were seeded at 5×10^5^ cells/plate on 6-well plates, then, incubated for 24 h and treated with curcumin (25 μmol/l) and 5-FU (50 μmol/l) alone or in combination (an additional group of 12.5 μmol/l curcumin + 25 μmol/l 5-FU for the combination) for 48 h, while RPMI1640 medium containing same concentration of DMSO was used as vehicle control. Then, the culture media were discarded and the cells were washed with cold PBS buffer twice for harvest. Cell pellets were disrupted in cell RIPA buffer (0.5% NP-40, 50 mM Tris-HCl, 120 mM NaCl, 1 mM EDTA, 0.1mM Na~3~VO~4~, 1 mM NaF, 1 mM PMSF, and 1 μg/ml leupeptin, pH 7.5) and collected after centrifuging at 800 ×g for 5 min at 4 ℃, and the lysates were centrifuged at 9600 ×g for 15 min at 4 ℃ to collect the cytoplasmic and nuclear proteins, respectively. The protein concentrations were determined by phenyl methane sulfonyl fluoride (PMSF) method.

Protein samples (30 μl each) were loaded on 12% sodium dodecyl sulfate- polyacrylamide gels and separated with electrophoresis and subsequently transferred onto PVDF membranes. Non-specific binding was blocked with 5% milk in TBST \[5 mmol/l Tris-HCl, 136 mmol/l NaCl, and 0.1% Tween-20, pH 7.6\] for 1 h. The membranes were cultured with primary antibodies against COX-2 (1:1000), NF-κB (1:1000) or β-actin (1:800) overnight at 4℃. Then the membranes were washed three times with 1× TBST, followed by incubating with secondary antibodies (1:1000 dilution) at room temperature for 1 h and washed three times with 1× TBST. Protein bands were visualized using an ECL system. Quantity One software (Bio-Rad Laboratories, Hercules, CA, USA) was used to analyze the grayscale values of the bands.

Experimental animals
--------------------

Six-to-eight-week old SPF grade female athymic nude mice (nu/nu, body weight 18-20 g) were obtained from Chengdu Dossy Experimental Animals Co., Ltd (Chengdu, Sichuan, China, Certificate No. SCXK2015-030). The mice were housed up to five mice per cage in sterile plastic cages with free access to water and food *ad libitum* in a controlled room temperature (22 ± 1 ℃), humidity (50-70%) with a 12-h light/dark cycle. All animal experiments were performed strictly according to university guideline and followed to an approved protocol (Permit No. 2015DW040) by the Committee on Use and Care of Animals of Southwest Medical University (Luzhou, Sichuan, China). There were 8 mice for each experimental group.

Establishment of nude mouse model of tumor xenograft and drug treatment
-----------------------------------------------------------------------

Human gastric cancer MKN45 tumor xenografts were established in nude mice from cultured MKN45 cells by inoculating subcutaneously (s.c.) 0.2 ml of cell suspension (1.0 × 10^8^ cells/ml) in the right flank of the mice. Treatment was initiated 10 days later when the tumors reached \~100 mm^3^ (mg). Thirty two nude mice bearing MKN45 tumor xenografts with similar tumor size were selected and randomly divided into four groups with 8 mice for each group: 1. Control, 0.2 ml of normal saline solution; 2. 5-FU 52 mg/kg; 3. curcumin 74 mg/kg; and 4. 5-FU 52 mg/kg + curcumin 74 mg/kg. Treatments were given by intraperitoneal (i.p.) administration every three days (day 0, 3, 6, 9, 12, and 15) for 6 times in total. The body weights of mice were recorded every 3 days and tumor volumes were determined at the same time by a vernier caliper to measure two axes of the tumor (L, longest axis; W, shortest axis). Tumor volume (mm^3^) or weight (mg) was calculated according to the formula of 0.5 × length × width^2^. On the 18 th day, the mice were sacrificed when tumors in control group reached \~1.0 cm^3^ (1,000 mg) in size. The tumor was separated from each mouse and weighed. Antitumor activity was assessed by tumor growth inhibition (TGI), which is mean tumor weight (MTW) of the treated group (TG) relative to the saline-treated control group (CG) on day 18, as calculated according to the formula: (MTWTG-MTWCG) ÷ MTWCG ✕ 100% as previously described [@B26].

Statistical analysis
--------------------

All data were expressed as mean ± standard deviation (SD). Statistical differences of the data were analyzed by Student\'s t-test and/or one-way univariate analysis of variance (ANOVA). A difference at *P* \< 0.05 was considered to be statistically significant (marked as \*). IBM SPSS statistics software version 18.0 (SPSS Company, Chicago, IL, USA) was used for the statistical analysis.

Results
=======

Effect of 5-FU and curcumin alone or in combination on cell growth inhibition in gastric cancer MKN45 and AGS cells and normal gastric mucosal GES-1 cells by MTT assay
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------

First, we evaluated the inhibitory effect of 5-FU and curcumin alone or in combination with various concentrations in gastric cancer MKN45 and AGS cells and compared to normal gastric mucosal GES-1 cells after 48 h and 72 h treatment and the results are shown in Figure [1](#F1){ref-type="fig"}. The data showed that 5-FU and curcumin alone or in combination significantly inhibited cells growth of gastric cancer MKN45 and AGS cells in a time- and concentration-dependent manner, while MKN45 cells were more sensitive response to drug treatment than that of AGS cells. Interesting, curcumin has greater cytotoxicity than 5-FU (Figures [1](#F1){ref-type="fig"}A & [1](#F1){ref-type="fig"}B) but the combination of 5-FU and curcumin showed potent inhibitory effect than 5-FU and curcumin alone (Figure [1](#F1){ref-type="fig"}C) against MKN45 and AGS cells. However, the cytotoxicity was much less in normal gastric mucosal GES-1 cells by the treatment of curcumin and 5-FU alone or in combination. The results suggested that GES-1 cells was relatively resistant to the treatment of curcumin and 5-FU and the combination may selectively target gastric cancer cells to improve therapeutic efficacy and reduce side effect of 5-FU and curcumin against normal cells.

Combination effect of 5-FU and curcumin on cytotoxicity in gastric cancer MKN45 and AGS cells and normal gastric mucosal GES-1 cells
------------------------------------------------------------------------------------------------------------------------------------

Next, we calculated the combination index (CI) in cell growth inhibition with the combination of 5-FU and curcumin in MKN45, AGS and GES-1 cells to evaluate either mutually synergetic effect or antagonistic effect. As shown in Table [1](#T1){ref-type="table"}, the IC~50~ values of 5-FU were 70.97 ± 4.32 and 38.22 ± 2.96 μmol/l (MKN45 cells); 106.42 ± 4.38 and 82.74 ± 3.55 μmol/l (AGS cells); and 199.32 ± 3.09 and 178.44 ± 4.87 μmol/l (GES cells) for 48 h or 72 h exposure, respectively. The IC~50~ values of curcumin were 20.66 ± 2.45 and 11.95 ± 2.13 μmol/l (MKN45 cells); 29.94 ± 2.36 and 25.57 ± 1.93 μmol/l (AGS cells); and 90.01 ± 3.19 and 83.41 ± 2.36 μmol/l (GES cells) for 48 h or 72 h exposure, respectively. The IC~50~ values of the combination of 5-FU and curcumin (2:1 ratio, mol/mol) were 18.02 ± 1.42 and 10.77 ± 1.34 μmol/l for 5-FU, 9.01 ± 1.30 and 5.38 ± 1.05 μmol/l for curcumin (MKN45 cells), 30.86 ± 2.87 and 25.94 ± 1.08 μmol/l for 5-FU, 15.43 ± 1.42 and 12.97 ± 1.36 μmol/l for curcumin (AGS cells); 83.14 ± 2.72 and 76.88 ± 2.40 μmol/l for 5-FU, 41.57 ± 1.21 and 38.44 ± 1.89 μmol/l for curcumin (GES cells) for 48 h or 72 h exposure, respectively. Thus, curcumin in combination with 5-FU markedly enhanced cytotoxicity than 5-FU and curcumin alone for 48 h and 72 h in all three cell lines with statistically significant difference (*P* \< 0.05). The data suggested that the cell growth inhibition by 5-FU and curcumin were concentration- and time- dependent in MKN45 cells but less dependent in AGS and GES-1 cells (Table [1](#T1){ref-type="table"}).

As shown in Figure [2](#F2){ref-type="fig"}, the combination of 5-FU and curcumin exhibited a synergetic effect on MKN45 cells for 48 h drug exposure with the Fa value was more than 0.2 (CI \< 1). Therefore, the combination of 5-FU and curcumin displayed a synergetic effect when the concentration of 5-FU was greater than 4.09 μmol/l and curcumin was greater than 2.05 μmol/l. Similarly, for 72 h drug exposure, the combination of 5-FU and curcumin also exhibited a synergetic effect with the Fa value was more than 0.3 (CI \< 1), when the concentration of 5-FU was higher than 5.71 μmol/l and curcumin was higher than 2.86 μmol/l.

The combination of 5-FU and curcumin also showed a synergetic effect on AGS cells for 48 h and 72 h drug exposure with the Fa values as more than 0.1 (CI \< 1) when the concentration of 5-FU was greater than 4.38 and 4.84 μmol/l, and curcumin was greater than 2.19 and 2.42 μmol/l.

Similarly, The combination of 5-FU and curcumin exhibited a synergetic effect on GES-1 cells for 48 h and 72 h drug exposure with the Fa values as more than 0.2 and 0.1 (CI \< 1), respectively; when the concentration of 5-FU was greater than 29.62 and 13.34 μmol/l and curcumin was greater than 14.81 and 6.67 μmol/l. The data indicated that higher concentration of 5-FU and curcumin were needed in order to achieve synergetic effect in normal gastric mucosal GES-1 cells than that of gastric cancer MKN45 and AGS cells.

Effect of 5-FU and curcumin alone or in combination on the protein expressions of COX-2 and NF-κB in MKN45 cells by Western blotting assay
------------------------------------------------------------------------------------------------------------------------------------------

To examine the effect of 5-FU and curcumin alone or in combination on the protein expressions of COX-2 and NF-κB for investigation of the possible associated mechanism, we treated MKN45 cells with 5-FU and curcumin alone or in combination for 48 h and harvested the cells to analyze their protein expressions by Western blotting and the data are summarized in Figure [3](#F3){ref-type="fig"}. The intensities of protein bands of COX-2, NF-κB and β-actin (as control) are shown in Figure [3](#F3){ref-type="fig"}A. The expression of COX-2 protein was decreased by 44.79%, 47.17%, 45.82% and 60.21% by 5-FU (50 μmol/l), curcumin (25 μmol/l), 5-FU (25 μmol/l) + curcumin (12.5 μmol/l), or 5-FU (50 μmol/l) + curcumin (25 μmol), respectively; (Figure [3](#F3){ref-type="fig"}B). The data indicated that the combination at the same concentration was more effective to inhibit COX-2 protein expression than 5-FU and curcumin alone (*P* \< 0.05). In addition, the combination of 5-FU and curcumin exhibited a concentration-dependent manner with statistical significance (*P* \< 0.05) between the two tested concentrations (Figure [3](#F3){ref-type="fig"}B).

Similar results were obtained with the expression of NF-κB protein in MKN45 cells treated with 5-FU and curcumin alone or in combination for 48 h (Figure [3](#F3){ref-type="fig"}B). The expression of NF-κB protein was decreased by 37.67%, 48.21%, 42.35%, and 62.44% by 5-FU (50 μmol/l), curcumin (25 μmol/l), 5-FU (25 μmol) + curcumin (12.5 μmol), or 5-FU (50 μmol) + curcumin (25 μmol), respectively; compared to the control. The data indicated that the combination of 5-FU and curcumin significantly (*P* \< 0.05) inhibited the expression of NF-κB protein compared to the control in a dose-dependent manner, with only the same concentration as that of 5-FU and curcumin alone but not lower concentration was more effective (Figure [3](#F3){ref-type="fig"}B) than single drug treatment.

Antitumor activity of 5-FU and curcumin alone or in combination against human gastric cancer MKN45 tumor xenograft *in vivo*
----------------------------------------------------------------------------------------------------------------------------

Next, we further evaluated the *in vivo* antitumor activity and toxicity of 5-FU and curcumin alone or in combination in nude mice bearing MKN45 tumor xenografts to validate the *in vitro* findings and the results are shown in Figure [4](#F4){ref-type="fig"}. The growth of tumor in control mice was relatively fast and reached over 1000 (mm^3^) on day 18 after the initiation of the treatment. 5-FU at 52 mg/kg only had moderate effect on tumor growth inhibition. Interestingly, curcumin exhibited greater tumor growth inhibition compared to that of 5-FU. However, the combination of curcumin and 5-FU was the most effective treatment in tumor growth inhibition against MKN45 tumor xenografts (Figure [4](#F4){ref-type="fig"}A). Meanwhile, the body weight change was similar even gained more weight in the mice treated with the combination of 5-FU and curcumin than that each drug alone during and after treatment (Figure [4](#F4){ref-type="fig"}B), indicating that the combination potentiated the antitumor activity but didn\'t increase toxicity and the dose used did not reach the maximum tolerated dose (MTD) for each drug alone or in combination. Then, the tumor bearing mice were humanely sacrificed because the tumors in control mice grow to near 2000 mg and the tumor from each mouse was taken and weighed to compare antitumor activity. The weights of tumors reached to 1693 ± 138 mg on day 18 after initialized treatment (28 days after the cancer cells were inoculated in mice). However, the weights of tumors were the smallest (258 ± 38 mg) with greatest tumor grow inhibition (84.76%) in the mice treated with the combination of 5-FU and curcumin compared to that of 5-FU (tumor weight: 1235 ± 105 mg, inhibitory rate: 27.05%) and curcumin (tumor weight: 687 ± 87 mg) inhibitory rate: 59.42%) alone (Figures [4](#F4){ref-type="fig"}C and [4](#F4){ref-type="fig"}D). The data indicated that the combination of 5-FU and curcumin was active against MKN45 tumor xenografts and much more effective than that of 5-FU and curcumin alone.

Discussion
==========

Gastric cancer is one of the most common malignant tumors with high morbidity and mortality. Traditional treatment is mainly based on surgery, but the prognosis is poor in patients with advanced gastric cancer. 5-FU-based chemotherapy was widely used for the treatment of gastric cancer. However, the treatment yielded poor efficacy with low response due to drug resistance and high toxicity in some patients with gastric cancer. Therefore, novel approaches with more efficacious and less toxic chemotherapeutic agents and/or combination regimens are urgently needed for the treatment of gastric cancer. Curcumin is a natural compound and showed broad antitumor activity and high safety in animal and human. Clinical trials of curcumin alone or in combination with anticancer drugs have been reported, the safety and tolerability of curcumin have been well-established in cancer patients [@B27]-[@B31]. Dhillon et al. reported a phase II trial of curcumin in patients with advanced pancreatic cancer [@B27]. The results showed that daily oral administration of 8 g curcumin to the patients was well tolerated and displayed biological activity in some patients. It has also been reported that the combination of curcumin and gemcitabine in patients with advanced pancreatic cancer [@B28]. Therefore, it may be an ideal strategy to use the combination of curcumin and 5-FU for the treatment of gastric cancer.

In the present study, we evaluated the cytotoxic effect of 5-FU and curcumin alone or in combination with a various concentrations of 5-FU (6.25-200.00 µmol/l) and curcumin (3.125-100.00 µmol/l) against gastric cancer MKN45 and AGS cells and compared to that of normal gastric mucosal cells GES-1 for 48 h and 72 h drug exposure by MTT assay. The selections of the concentrations with curcumin and 5-FU in our studies was based on previous reports from the literature [@B22],[@B23], which showed that the inhibitory effect of curcumin was dose-dependent from 5 to 50 µmol/l against AGS gastric cancer cells [@B22], while 100 µmol/l of 5-FU was the optimal concentrations when combined with curcumin against colon cancer HT-29 and HCT-116 cells and no further greater cell growth inhibition could be achieved even when 5-FU concentrations were further increased up to 800 µmol/l [@B23]. The results from present studies showed that both curcumin and 5-FU alone or in combination significantly inhibited the growth of gastric cancer cells MKN45 and AGS but were less effective in inhibition of normal gastric mucosal cells GES-1 in a dose- and time-dependent manner, with MKN45 cells as the more sensitive cells. Furthermore, the combination of curcumin and 5-FU showed stronger inhibitory effect on MKN45 cells than that of 5-FU and curcumin alone with 2.3- and 3.9-fold, 2.2- and 3.5-fold increased cytotoxicity for 48 h and 72 h treatment, respectively (Figure [1](#F1){ref-type="fig"} & Table [1](#T1){ref-type="table"}). Our results also demonstrated that the combination of 5-FU and curcumin has synergistic effect (CI \< 1) against gastric cancer MKN45 and AGS cells as well as normal gastric mucosal GES-1 cells, but higher concentrations of 5-FU and curcumin were required in GES-1 cells (Figure [2](#F2){ref-type="fig"} & Table [1](#T1){ref-type="table"}). The data is consistent with previous studies that combination of curcumin and 5-FU exhibited synergistic cytotoxic effects against human AGS gastric cancer, K562 leukemia, and HT-29 colon cancer cells in vitro [@B22],[@B32],[@B33]. The data suggest that the combination of curcumin and 5-FU is more effective than each drug alone against gastric cancer MKN45 and AGS cells and it may be a useful therapeutic regimen for the treatment of gastric cancer. More importantly, the combination of curcumin and 5-FU was very effective to inhibit the growth of MKN45 tumor xenografts bearing in nude mice without increased host toxicity (body weight loss) *in vivo* even at suboptimal dose (Figure [4](#F4){ref-type="fig"}). The data validated the in vitro findings with the combination of curcumin and 5-FU.

Studies have demonstrated that COX-2 is overexpressed in gastric cancer cells compared to normal gastric mucosa and COX-2 overexpression may be related to the development and progression of gastric cancer [@B10],[@B11]. NF-κB also plays an important role in the development of gastric cancer [@B15],[@B16]. Therefore, COX-2 and NF-κB may be the important therapeutic targets for the treatment of gastric cancer. Studies showed that NF-κB could regulate the expression of COX-2 and curcumin may sensitize human gastric cancer AGS cells to chemotherapeutic agent via inhibiting NF-κB expression [@B34]. In the present study, the expressions of COX-2 and NF-κB were decreased 44.79% and 37.67% by 5-FU and 47.17% and 48.21% by curcumin, respectively. However, the combination of 5-FU and curcumin at the same concentration but not at a lower concentration profoundly inhibited the expressions of both COX-2 and NF-κB compared to 5-FU and curcumin alone with 60.21% and 62.44% inhibition, respectively (Figure [3](#F3){ref-type="fig"}). The data indicate that the inhibition of the expressions of COX-2 and NF-κB proteins by the combination of 5-FU and curcumin was dose-dependent. Therefore, the greater inhibition of MKN45 cells by the combination of 5-FU and curcumin compared to single drug alone may contribute, at least in part, to the inhibition of the expressions of COX-2 and NF-κB proteins.

However, curcumin has multiple therapeutic targets in cancer therapy and can influence a variety of mechanisms associated with cancer including affecting epigenetic genes, inducing acetylation of corehistone H3 and H4, affecting miRNAs and cancer stem cells [@B35]. Curcumin also can influence cell proliferation, cell cycle (G2/M block), apoptosis, protein folding, proteolysis and translation [@B9],[@B22],[@B36]. Studies showed that curcumin may inhibit cell growth via inhibition of prostaglandin synthesis in cancer cells [@B34],[@B37]. Therefore, the effect of the combination of 5-FU and curcumin on inhibition of COX-2 and NF-κB may be only one of the important mechanisms. Future studies were warrant to investigate other possible molecular targets and singling pathways associated with the anticancer activity and toxicity of the combination of 5-FU and curcumin.

Conclusion
==========

In summary, the combination of 5-FU and curcumin showed synergistic effect with higher cytotoxic effect *in vitro* against gastric cancer MKN45 and AGS cells than that of each drug alone but was less effective against normal gastric mucosal GES-1 cells. More importantly, the combination of 5-FU and curcumin exhibited greater *in vivo* antitumor activity against gastric cancer MKN45 xenografts than 5-FU and curcumin alone without increased host toxicity. The possible mechanism may contribute to, at least in part, inhibition of the expressions of COX-2 and NF-κB proteins. The combination of 5-FU and curcumin may become a new option for the treatment of gastric cancer clinically and COX-2 and NF-κB pathways could become new therapeutic targets for gastric cancer therapy. However, it is necessary to further validate the anticancer effect of the combination of 5-FU and curcumin against gastric cancer *in vitro* and *in vivo* by morphological and immunohistochemical studied and investigate the other possible molecular targets and signaling pathways associated with anticancer effect such as human epidermal growth factor receptor (HER)-2, fibroblast growth factor receptor 2 (FGFR2), epigenetic genes, miRNAs, cell cycle and apoptosis.
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![Inhibitory effects of 5-FU (A), and curcumin (B) alone or in combination (C) on MKN45, AGS and GES-1 cells for 48 h or 72 h incubation. The results are representative of at least three independent experiments run in triplicate.](jcav08p3697g001){#F1}

![Exponential effect curves of the combination of 5-FU and curcumin in MKN45, AGS and GES-1 cells for 48 h or 72 h treatment. CI: combination index; Fa was the combination effect of two drugs. When CI \> 1, antagonist effect; CI = 1, additive effect; and CI \< 1, synergistic effect. Each point is corresponding to a CI value of different drug combination effects. The results are representative of at least three independent experiments run in triplicate.](jcav08p3697g002){#F2}

![Effects of 5-FU and curcumin alone or in combination on the protein expressions of COX-2 and NF-κB in MKN45 cells by Western blotting analysis. MKN45 cells were treated with 5-FU and curcumin alone or in combination for 48 h. A: Band 1 was COX-2 and NF-κB proteins and β-actin (control); Band 2 was 25 μmol/l of curcumin; Band 3 was 50 μmol/l of 5-FU; Band 4 was 25 μmol/l of 5-FU + 12.5 μmol/l of curcumin; and band 5 was 50 μmol/l of 5-FU + 25 μmol/l of curcumin. B: The ratio of protein expressions of COX-2 and NF-κB. The results are representative of at least three independent experiments run in triplicate and expressed as the mean ± SD. \**P* \< 0.05 vs control; \*\**P* \< 0.05 vs 5-FU and curcumin alone.](jcav08p3697g003){#F3}

![Antitumor efficacy and toxicity of 5-FU and curcumin alone or in combination in nude mice bearing advanced human gastric cancer MKN45 tumor xenografts *in vivo*. A: Kinetics of tumor volume (mm^3^) in nude mice treated with 5-FU and curcumin alone or in combination; B: Kinetics of body weight change in nude mice treated with 5-FU and curcumin alone or in combination; C: Tumor weight (g) of MKN45 xenografts bearing in nude mice treated with 5-FU and curcumin alone or in combination on day 18 when the mice were humanely sacrificed; D: Tumor inhibitory rates (%) of MKN45 xenografts bearing in nude mice treated with 5-FU and curcumin alone or in combination on day 18, the data were calculated from actually tumor weight. Treatments were initiated 10 days after cultured MKN45 cells were inoculated subcutaneously (s.c.) in nude mice when the tumors reached to \~100 mm^3^ (mg) by i.p. injection with 0.2 ml of normal saline (as control), 5-FU (52 mg/kg), curcumin (74 mg/kg), or 5-FU (52 mg/kg) + curcumin (74 mg/kg), respectively. The mice were treated every three days (day 0, 3, 6, 9, 12, and 15) for total of 6 times and were humanely sacrificed on day 18 when the tumors in the control mice reached to near 2000 mm^3^ (mg). Eight mice were used for each group and the data were presented as mean ± SD.](jcav08p3697g004){#F4}

###### 

The IC~50~ values of 5-FU and curcumin alone and in combination.

  Cells         Drugs          48 h (µmol/l)   72 h (µmol/l)                   
  ------------- -------------- --------------- --------------- --------------- --------------
  MNK45 cells   5-FU           70.97 ± 4.32    18.02 ± 1.42    38.22 ± 2.96    10.77 ± 1.34
  Curcumin      20.66 ± 2.45   9.01 ± 1.30     11.95 ± 2.13    5.38 ± 1.05     
  AGS cells     5-FU           106.42 ± 4.38   30.86 ± 2.87    82.74 ± 3.55    25.94 ± 1.08
  Curcumin      29.94 ± 2.36   15.43 ± 1.42    25.57 ± 1.93    12.97 ± 1.36    
  GES-1 cells   5-FU           199.32 ± 3.09   83.14 ± 2.72    178.44 ± 4.87   76.88 ± 2.40
  Curcumin      90.01 ± 3.19   41.57 ± 1.21    83.41 ± 2.36    38.44 ± 1.89    
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